Bipolar disorder may emerge during several decades of life. Studies from many countries have reported three peaks in the distribution of the age of onset, occurring at about ages 17, 26, and over 40 (1) (2) (3) (4) (5) . Differences in the distribution of the age of onset were also reported among countries (6) , although only limited data are available from some regions of the world. Patients living in North America generally have a younger age of onset than those living in European countries (6) (7) (8) . In many studies conducted in the USA, about 60% of patients experience the onset of bipolar disorder before the age of 19 (6, (9) (10) (11) (12) , as compared to a third or less for many studies in European countries (1, 5, 6, (13) (14) (15) (16) .
Diverse factors may contribute to this variation in the age of onset. There is agreement among researchers that both a patientÕs genetic makeup and methodological issues in defining onset contribute to the reported differences, and that the variability in the age of onset reflects the genetic heterogeneity underlying bipolar disorder (1) (2) (3) 17) . A positive family history is one of the strongest predictors of early onset (18) . However, in addition to the genetic component, both the broad variability in the age of onset, and the onset peaks occurring after puberty (19) suggest that nongenetic factors may have considerable influence (20) . There is limited understanding of how nongenetic factors, such as socioeconomic status and the physical environment, may impact the expression of bipolar disorder (21) .
In a recent study, a linear association was detected between the age of onset of schizophrenia and latitude, with a much younger onset occurring in individuals living closer to the equator (22) . Latitude is often used as a proxy measure of sunlight, such as in studies of seasonal and geographical variation in affective disorders and suicide (23) (24) (25) (26) (27) (28) . However, more direct measures of the amount of electromagnetic energy striking the surface of the earth are now available, such as solar insolation (29) . Sunlight is the primary synchronizer of circadian rhythmicity in most animals, including humans (30) , and disruptions in circadian function may contribute to the pathophysiology of bipolar disorder (31) . The purpose of this study was to investigate if the age of onset of bipolar I (BP-I) disorder was associated with sunlight at the location of onset, as measured by solar insolation.
Methods

Data collection
Data were collected at 24 sites in 13 countries: Melbourne and Geelong, Australia (n = 161); Wiener Neustadt, Austria (n = 253); Sa˜o Paulo (n = 222) and Porto Alegre, Brazil (n = 205); Halifax, Canada (n = 102); Santiago, Chile (n = 59); Medellı´n, Colombia (n = 130); Dresden (n = 35) and Wu¨rzburg, Germany (n = 246); Poznan, Poland (n = 102); Sardinia (n = 206) and Siena, Italy (n = 60); Paris, France (n = 363); Oslo (n = 113) and Trondheim (n = 153); Norway; Barcelona (n = 200) and Vitoria, Spain (n = 251); and Kansas City, MO (n = 40), Los Angeles, CA (n = 159), Palo Alto, CA (n = 11), Rochester, MN (n = 74), San Diego, CA (n = 55), and Worcester, MA (n = 11) in the USA.
All data collected were from patients with a diagnosis of bipolar disorder according to DSM-IV criteria. For all patients, the diagnosis was made by a psychiatrist. Approval from the institutional review board was obtained locally as required. Data for this study were obtained retrospectively. Seven sites obtained data from direct questioning of patients by clinical staff and reviewing patient records (Dresden, Germany; Halifax, Canada; Kansas City, MO; Oslo, Norway; Sa˜o Paulo, Brazil; Trondheim, Norway; Vitoria, Spain), six sites primarily from direct questioning (Barcelona, Spain; Los Angeles and Palo Alto, CA; Rochester, MN; Santiago, Chile; and Worcester, MA), and the remaining 11 sites primarily by extraction from patient records. The age of onset was defined as when a patient experienced the first episode of depression, mania, or hypomania according to DSM-IV criteria.
Only patients with a diagnosis of BP-I disorder were included in this analysis, for two reasons: there was an imbalance in the percent of BP-I patients at the collection sites ranging from 36% to 100%, and to eliminate potential bias associated with older patients who had their onsets before bipolar II (BP-II) was defined as a separate diagnostic category.
Solar insolation
The US National Aeronautics and Space Administration (NASA) has released the Surface Meteorology and Solar Energy (SSE) Version 6.0 database, which provides solar insolation values for the entire globe based on data collected from 1983-2005 (29) . The monthly average insolation is available for every 1 · 1 degree grid of latitude and longitude. Solar insolation is a measure of the electromagnetic energy from the sun received for a given surface area on earth at a given time, expressed in kilowatt hours ⁄ square meter ⁄ day (kWh ⁄ m 2 ⁄ day). The solar insolation is determined by the earth-sun relationship (angle of the sunÕs rays and the day length), absorption by clouds and atmospheric aerosols, and reflection into space by snow, ice, and desert sand (29) .
The pattern of monthly solar insolation varies dramatically by latitude. A location at the equator will show the least monthly variation throughout the year, while a location at 90 degrees from the equator (north or south pole) has the most variation. Figure 1 shows examples of different patterns of monthly solar insolation for sites in this study that are at equatorial, temperate, and northern latitudes. Additionally, monthly solar insolation values at the same latitude may differ significantly due to local conditions such as cloud cover, altitude, and proximity to large bodies of water, as shown in Figure 2 .
Solar insolation variables
The location of onset for each patient was grouped by reference cities, with each reference city representing all locations within the 1 · 1 degree grid of latitude and longitude. For example, Dresden, with latitude of 51.1 degrees north (N) and 13.8 degrees east (E), is the reference city for all locations between 51 and 52 degrees N, and 13 and 14 degrees E. The monthly average solar insolation values were obtained from the NASA SSE database for each reference city. Insolation data for reference cities in the southern hemisphere were shifted by six months to be comparable to those in the northern hemisphere.
Yearly, seasonal, and monthly solar insolation variables were calculated for each reference city. The monthly increase ⁄ decrease in solar insolation equals the current month minus the previous month. The maximum monthly increase ⁄ decrease equals the largest monthly increase ⁄ decrease over one year.
Demographic data
Gender and date of birth were collected for each patient. Country-specific parameters were obtained for each reference city including the lifetime prevalence of BP-I disorder, the countryÕs median age, the percent of the population aged 15-64, and the sex ratio for those aged 15-64 (32) .
Statistics
The patient data within each reference city are correlated. To account for the correlated data, generalized estimating equation (GEE) models with an exchangeable correlation structure were used to analyze the age of onset, with each reference city treated as a cluster. This approach is suitable for studies containing a large number of clusters with variable cluster sizes, including many singleton clusters (clusters with a single observation) (33) . A GEE model uses a populationaveraged or marginal approach, estimating the effect across the entire population rather than within a cluster (34) .
The countryÕs median age varied between 44.3 years for Germany and 26.7 years for Mexico. Since the age of onset of bipolar disorder spans childhood through late middle age, an older mean age of onset would be expected in a country with an older population as compared to one with a younger population (35, 36) . Therefore, the countryÕs median age was included in all GEE models to adjust the age of onset for the countryÕs median age. Univariate GEE analyses were conducted to identify other demographic correlates of age of onset, and variables that were significant were included in the final models. All analyses were completed using SPSS version 18.0. All results were considered statistically significant if p < 0.05.
The sample size estimates for each collection center were not specified because there were no prior studies of solar insolation and age of onset from which to obtain variance values, and there was no way to predict how many patients at each collection site would have a location of onset somewhere else. The number of reference cities from each collection site varied considerably, reflecting differences in country size, culture, and migration patterns. For Melbourne (and Geelong), Sa˜o Paulo, and Porto Alegre, the locations of onset were unavailable and the collection sites were used as proxies. These estimates were thought to adequately reflect the local population, and reanalysis of the data without these sites did not change the significance, direction, or magnitude of the results.
Results
Data for a total of 3211 patients were collected, of which 2414 had a diagnosis of BP-I disorder and were included in the analyses. Of the 797 excluded patients, 690 (86.6%) had a diagnosis of BP-II disorder and 107 (13.4%) had a diagnosis of bipolar disorder not otherwise specified or schizoaffective disorder. Considering the 2414 patients included in the analysis, 1452 (60.1%) were female and 962 (39.9%) male. The mean age of the 2414 patients was 47.0 ± 13.9 years and ranged from 16-99 years, with 269 (11.1%) older than age 64. The mean age of onset, unadjusted for the coun-tryÕs median age, was calculated as 25.0 years for the 2414 patients to compare with prior studies that did not adjust for the countryÕs median age.
The onset locations for the 2414 patients were distributed over a wide range of latitudes, and included data from both the northern and southern hemispheres, as shown in Table 1 . Although data were collected in 13 countries, 180 unique reference cities or clusters in 24 countries were obtained. The mean size of each cluster was 13.7, with 4.1% of the 2414 patients in singleton clusters.
In the univariate GEE analyses of age of onset, no patient demographic variables were significant, including sex (p = 0.315). Except for the countryÕs median age (p < 0.001), country-specific variables were not significant, including the prevalence of BP-I disorder (p = 0.704) and the sex ratio for those aged 15-64 (p = 0.769). Table 2 presents the results of the models used to assess the relationship between solar insolation parameters and age of onset. The most striking result was the significant inverse relationship between the age of onset and the maximum monthly increase in solar insolation, with the coefficient estimated as )4.724 (p = 0.006). The larger the maximum monthly increase in solar insolation, the younger the age of onset, such that a 0.1 increase in maximum monthly solar insolation was associated with a nearly six-month decrease in age of onset. Table 3 presents the maximum monthly increase in solar insolation and mean age of onsets for representative reference onset locations in this study.
The inverse relationship between the maximum monthly increase in insolation and the age of onset was not solely due to the winter solar insolation value. Neither the minimum monthly insolation in winter (p = 0.754) nor the mean winter insolation (p = 0.921) were significantly associated with the age of onset. The percent change in maximum monthly increase in insolation, which magnifies the effect of a very low winter insolation in a northern latitude, was not significantly associated with the age of onset (p = 0.059). Additionally, many of the locations with the largest change in maximum monthly insolation were not at a northern latitude, as shown in Table 3 . This suggests that a large maximum monthly increase in solar insolation was associated with a young age of onset, regardless of whether the change started from a very low level, as in Norway, or from a moderate level, as in California.
The parameters that indirectly assess the maximum monthly increase, such as the range in monthly insolation (p = .016), the range in mean summer-mean winter (p = 0.020), and maximum monthly insolation (p = 0.017), also supported the primary finding by having a significant inverse relationship to the age of onset. The cumulative yearly solar insolation (p = 0.145), maximum monthly decrease (p = 0.866), and mean seasonal insolation values were not associated with the age of onset. The maximum monthly increase occurred between February and March in 46% of locations, between March and April in 45% of locations, and between April and May in 6% of locations, excluding the 3% of the 180 reference cities near the equator which show little variation in monthly insolation, as shown in Figure 1 . There was no significant relation between the month of the Sunlight and age of onset maximum monthly increase and the size of the maximum monthly increase in solar insolation. In addition to the insolation effects, the coun-tryÕs median age was significant in all GEE models. In the model to estimate the association with maximum monthly increase in solar insolation, the coefficient for the countryÕs median age was 0.444 (p < 0.001), where a one-year increase in the median age is associated with more than a fivemonth increase in age of onset.
Discussion
The primary finding of this study was that the larger the maximum monthly increase in solar insolation at the location of onset, the younger the age of onset of bipolar disorder. Comparing the extremes, the age of onset in the locations with the largest maximum monthly increase in solar insolation was about five years younger than in locations with the smallest increase. This inverse association was present regardless of the level of solar insolation in the starting month, with the largest increases occurring in locations that appeared to have little else in common geographically, including Norway, arid areas of the western USA, and Santiago, Chile. The maximum monthly increase in solar insolation occurred in the springtime, with the exact month varying by location.
In contrast to the inverse relationship between the maximum monthly increase in solar insolation and age of onset, neither the yearly total solar insolation nor the seasonal mean insolation values were associated with the age of onset. It is interesting that the magnitude of the monthly increase was significant, since prior studies with normal subjects have found a non-linear, doseresponse relationship between light intensity and resetting the circadian clock (37) , suppressing plasma melatonin concentration (38) , and alertness (39) . No significant relationship was found between latitude at the location of onset and the age of onset. Since locations at the same latitude may have very different solar insolation, the limitations of latitude as a proxy for sunlight may have contributed to the unexpected results of prior research, such as inconsistencies in the seasonality of hospital admissions for bipolar disorder (40) (41) (42) (43) (44) , and the weak correlation between the prevalence of seasonal affective disorder (SAD) and latitude in two review articles (24, 25) . With the availability of solar insolation data from NASA, a new measure of sunlight is available for research.
Many lines of evidence converge to support the idea that a large monthly increase in solar insolation may be associated with the emergence of bipolar disorder. (i) Clinicians have long noted circadian abnormalities in patients with bipolar disorder, including sensitivity to light and sleep ⁄ wake cycle disturbances (31, 45) . Even small circadian rhythm changes may be associated with adverse health outcomes such as suicide risk (46) . (ii) Some patients with bipolar disorder experience seasonal variation (47) . (iii) Light therapy for depression has induced a switch to mania in some patients (48, 49) . (iv) Studies of seasonal variation in suicide have reported a spring peak in countries with large fluctuations in solar insolation, such as in northern Europe, and no peak near the equator (23, (50) (51) (52) . (v) Violent suicide has been associated with an increase in sunlight duration (53) , and this may involve seasonal variation in serotonergic, metabolic, and immune system variables (54) (55) (56) . (vi) Within the brain, there is a seasonal variation in the concentration of serotonin and serotonin transporter binding (57, 58) , and serotonin production is stimulated by light exposure (57) . (vii) Patients with bipolar disorder may have abnormalities in melatonin secretion (59) . (viii) There may be a genetic component underlying human rhythm disorders (30) , and circadian gene polymorphisms may increase susceptibility to bipolar disorder (60) . (ix) Light exerts effects through retinal ganglion cells, which are separate from rods and cones and have non-visual functions, including regulation of the biological clock (61) . Overall, there is strong evidence that light affects human neurophysiology and behavior, making plausible the inverse association between the maximum monthly increase in solar insolation and the age of onset of bipolar disorder.
There are several limitations to this study. The total number of onset locations was relatively small. Although based on the DSM-IV criteria, the diagnostic assessment was not standardized across the collection sites. The age-of-onset data obtained by patient memory were subject to recall bias, although a retrospective approach has a precedent (3, 6, 10, 18) . However, the unadjusted overall mean age of onset of 25.0 (n = 2414) in this study was similar to that for other international samples: 24.3 years for BP-I disorder (n = 1090) (15) and 25.6 years for any bipolar disorder (n = 1041) (13) . Another limitation is that this study did not address individual activities. While most adults work indoors and have indoor hobbies, lifestyle choices such as outdoor work modify individual sun exposure (62) . Finally, by shifting data from the southern hemisphere by six months, local cultural variations associated with the seasons were not accounted for.
The findings of this study suggest that variation in the size of the maximum monthly increase in solar insolation in springtime may have an important influence on the age of onset of bipolar disorder. Clinicians should be aware of the potential for a younger onset in locations that experience a large springtime increase in sunlight, and detailed questioning to identify symptoms of bipolar disorder, and more frequent monitoring may be indicated. Further research about the impact of sunlight on the onset and course of bipolar disorder is needed.
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